The protective antigen (PA) component of anthrax toxin binds the I domain of the receptor ANTXR1. Integrin I domains convert between open and closed conformations that bind ligand with high and low affinities, respectively; this process is regulated by signaling from the cytoplasmic domains. To assess whether intracellular signals might influence the interaction between ANTXR1 and PA, we compared two splice variants of ANTXR1 that differ only in their cytoplasmic domains. We found that cells expressing ANTXR1 splice variant 1 (ANTXR1-sv1) bound markedly less PA than did cells expressing a similar level of the shorter splice variant ANTXR1-sv2. ANTXR1-sv1 but not ANTXR1-sv2 associated with the actin cytoskeleton, although disruption of the cytoskeleton did not affect binding of ANTXR-sv1 to PA. Introduction of a cytoplasmic domain missense mutation found in the related receptor ANTXR2 in a patient with juvenile hyaline fibromatosis impaired actin association and increased binding of PA to ANTXR1-sv1. These results suggest that ANTXR1 has two affinity states that may be modulated by cytoplasmic signals.
Anthrax toxin is comprised of three proteins that assemble into toxic complexes on the surfaces of host cells (2, 32) . Protective antigen (PA) binds to either of two structurally related cellular receptors and is then cleaved by a furin-like protease to release a 20-kDa amino-terminal fragment (8, 17, 31, 43) . The remaining PA 63 fragment oligomerizes to form a ring-shaped heptamer that binds the catalytic moieties of the toxin, edema factor and lethal factor (LF) (19, 28, 30) . The assembled toxin complex is internalized by receptor-mediated endocytosis and is trafficked into a low-pH endosome where the PA 63 heptamer converts from a prepore to a membraneinserted pore, allowing translocation of edema factor and LF into the cytosol (1, 18, 29, 37) .
The two anthrax toxin receptors, ANTXR1 (ATR/TEM8) and ANTXR2 (CMG2), are widely expressed in human tissues, and both are predicted to have multiple isoforms from alternative splicing (8, 9, 43) . Both receptors are thought to be involved in cell matrix interactions since the extracellular domain of ANTXR1 was shown to bind collagen type I and to immunoprecipitate with the C5 domain of collagen ␣3, while that of ANTXR2 was shown to bind collagen type IV and laminin (5, 15, 33, 49) . ANTXR1 functions as an adhesion molecule, as it was demonstrated to mediate cell spreading via an actin-dependent mechanism (49) .
The extracellular von Willebrand factor type A or integrininserted domain of ANTXR1/2 binds PA (8, 21, 41, 43) . This domain is also found in a variety of other proteins, including integrins, and often mediates protein-protein interactions (50) . Ligand binding by integrins is modulated by structural changes in the I domain that convert it between a low-affinity "closed" conformation and a high-affinity "open" conformation (45) . The conversion from a closed to an open conformation alters the coordination of a divalent cation by residues in the I domain that comprise the metal ion-dependent adhesion site (MIDAS) (12, 22, 46) . The divalent cation has a higher electrophilicity in the open conformation, which facilitates binding of an acidic residue in the ligand (12) .
Structural studies revealed that the MIDAS metal of the ANTXR2 I domain binds the acidic residue D683 in PA and that the complexed I domain resembles the open conformation of the ␣M integrin I domain (20, 21, 41) . Although a structure of the ANTXR1 I domain has not been solved, MIDAS residues DX SXS. . .T. . .D are conserved between ANTXR1 and ANTXR2, and biochemical studies suggest that PA binds ANTXR1 in a similar manner to binding of ANTXR2 (7, 42) . Mutation of the amino-terminal residue of the ANTXR1 MIDAS motif, D50, disrupts metal coordination and was shown to reduce binding to PA (7) . Furthermore, mutation of T118, which is predicted to prevent adoption of the open confirmation, or mutation of D683 in PA impairs the interaction (7, 39) . Although it has been hypothesized that all I domains that contain a perfect MIDAS motif can undergo an integrin-like conformational switch (6) , there are no data that demonstrate whether the wild-type I domain of either ANTXR1 or ANTXR2 can exist in a closed conformation.
There are three isoforms of ANTXR1, namely, ANTXR1-sv1, ANTXR1-sv2, and ANTXR1-sv3 (44) . ANTXR1-sv3 does not contain a transmembrane domain, so this variant does not function as an anthrax toxin receptor. ANTXR1-sv1 and ANTXR1-sv2 have identical extracellular domains (consisting of an I domain and a membrane-proximal region) and transmembrane domains but have different cytoplasmic tails (44) . The cytoplasmic tail of ANTXR1-sv1 contains 221 amino acids, and that of ANTXR1-sv2 contains 25 amino acids; the first 21 amino acids of the tails are identical, but the next 4 differ between variants (44).
Here we investigated functional differences between ANTXR1-sv1 and ANTXR1-sv2. Cells that expressed ANTXR1-sv1 bound less PA than did cells that expressed ANTXR1-sv2. Moreover, we found that ANTXR1-sv1 but not ANTXR1-sv2 interacted with the actin cytoskeleton, although disruption of the actin cytoskeleton by use of latrunculin A did not increase the binding of PA to ANTXR1-sv1. Introducing a point mutation into the ANTXR1-sv1 cytoplasmic domain did, however, disrupt the receptor's interaction with the cytoskeleton and increased binding to PA. These results suggest that an adaptor binds the ANTXR1-sv1 cytoplasmic domain and may be responsible for modulating PA binding affinity and linkage of the receptor to the actin cytoskeleton. Thus, this work provides evidence that the ANTXR1 I domain is regulated cytoplasmically.
were added to normalized protein lysates and rotated at 4°C for 2 h. The beads were washed three times with lysis buffer, and the biotinylated proteins were eluted from the beads with sodium dodecyl sulfate (SDS) sample buffer and then subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellulose, and biotinylated ANTXR1-HA proteins were detected using polyclonal anti-HA antibody (Sigma).
PA binding assays. Cells were seeded into 24-well plates and grown overnight at 37°C. Confluent monolayers were treated with 10 Ϫ8 M PA SSSR at 4°C for 2 h in F12 medium supplemented with 1% bovine serum albumin (BSA) and buffered with 20 mM HEPES, pH 8. The cells were washed three times with phosphate-buffered saline (PBS) prior to lysis with lysis buffer. Equal amounts of total protein lysates (40 g) were subjected to SDS-PAGE (7.5% polyacrylamide gel). Proteins were transferred to nitrocellulose, and PA was detected using anti-PA antibody raised against full-length PA in rabbits (a gift from R. J. Collier); ␤-actin was detected using monoclonal anti-␤-actin antibody clone AC-15 (Sigma).
For binding assays performed in suspension, cells were treated with PBS supplemented with 10 mM EDTA until cells detached from the wells. Cells were then washed with PBS to remove the EDTA, and PA SSSR was added in TBS, pH 7.4, supplemented with either 2 mM EDTA or 2 mM MnSO 4 . Cells were rotated for 2 h at 4°C and processed as described above.
For kinetic association assays (Table 1) , confluent monolayers of CHOR1.1 cells stably expressing either ANTXR1-sv1-HA or ANTXR1-sv2-HA were exposed to PBS supplemented with 10 mM EDTA until cells detached. Cells were distributed equally into tubes and washed twice with PBS to remove any EDTA. Forty micrograms of total protein lysate was separated by SDS-PAGE and transferred to a nitrocellulose membrane. PA was detected using anti-PA antibody, and levels were quantified using a Kodak 4000MM Pro gel image station and Kodak 1D image analysis software. Levels of bound PA were averaged from four independent experiments and plotted as percentages, with the value for 360 min with 150 M of PA SSSR set to 100%. Curves were globally fitted to a kinetic association model by use of PRISM software. Data for association rate constants (k on ) and dissociation rate constants (k off ) were derived from the association curves, and the equilibrium binding constant (K d ) was determined from the equation
For the experiment shown in Fig. 4 , cells were exposed to PBS supplemented with 10 mM EDTA until cells detached from the wells. The suspension cells were then incubated with 1 M latrunculin A or an equivalent volume of dimethyl sulfoxide (DMSO) for 45 min with shaking at 37°C. Cells were treated with 10
Ϫ8
M PA SSSR in TBS, pH 7.4, with 2 mM MnSO 4 in the presence of latrunculin A or DMSO for 2 h at 4°C prior to lysis.
Flow cytometric analysis. Cells were detached from wells by use of PBS supplemented with 10 mM EDTA and then washed with ice-cold PBS. Cells were treated with or without 10 Ϫ8 M Alexa fluor-labeled PA SSSR in F12 medium supplemented with 1% BSA and buffered with 20 mM HEPES, pH 8, in suspension for 2 h, with rotation, at 4°C. Cells were washed three times with PBS and then resuspended in PBS supplemented with 1% BSA. Flow cytometric analysis was performed using a FACSCalibur flow cytometer (BD Biosciences), and all data were analyzed using FlowJo software (Tree Star Inc.).
MEK1 cleavage assays. Confluent monolayers of cells in 24-well plates were treated with 2 ϫ 10 Ϫ8 M trypsin-nicked PA and 5 ϫ 10 Ϫ9 M LF for 0, 15, 30, 45, or 60 min at 37°C prior to lysis with lysis buffer. Forty micrograms of total protein lysate was separated by SDS-PAGE and transferred to nitrocellulose. Western blots were performed using rabbit polyclonal anti-MEK1 (Upstate).
Coimmunoprecipitation assays. U20S cells were stably transfected with pcDNA-HA, pcDNA-ANTXR1-sv1-HA, or pcDNA-sv2-HA. Cells from two 10-cm plates were scraped into 1 ml of EBC lysis buffer (50 mM Tris, pH 8, 120 mM NaCl, 0.5% [vol/vol] NP-40, 50 g/ml phenylmethylsulfonyl fluoride) and rotated at 4°C for 1 h. Lysates were clarified by centrifugation, and protein concentrations were determined using the Bradford assay. Two microliters of rabbit anti-HA antibody (Sigma) was added to lysates, and the mixtures were rotated at 4°C for 2 h. Approximately 30 l of BSA-blocked protein A Sepharose beads (Amersham) was added to the lysates, and the mixtures were rotated at 4°C for 1 h. Beads were washed twice with 1 ml of EBC lysis buffer and then washed three times with NETN buffer (20 mM Tris, pH 8, 1 mM EDTA, 900 mM NaCl, 0.5% NP-40). Proteins were eluted with SDS loading dye, subjected to SDS-PAGE, and stained with silver. Actin association assays. Cells were scraped into PHEM (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , pH 6.9) buffer and then lysed in PHEM buffer supplemented with 0.15% Triton X-100 for 5 min on ice prior to centrifugation at 16,000 ϫ g for 30 min at 4°C. The supernatant (soluble fraction) was collected, while the pellet (insoluble fraction) was resuspended in SDS sample buffer. Equal volumes of supernatant and the solubilized pellets were subjected to SDS-PAGE and Western blotting.
Fluorescence recovery after photobleaching (FRAP). Cells were seeded onto 25-mm glass coverslips and grown overnight to ϳ80% confluence. Samples were placed in Attofluor chambers (Molecular Probes) and viewed with a confocal laser microscope (Zeiss LSM 510 Meta), using a 60ϫ oil immersion objective lens. Two equal areas (for bleached and control regions) at the edges of the same cell were defined. After three basal readings, the selected region was irreversibly bleached using the 488-nm laser line, resulting in a 50% to 70% reduction in fluorescence intensity. Recovery of fluorescence was then monitored over a 375-s period at 10-s intervals by scanning the selected regions at low laser power to minimize photobleaching during sampling. The fluorescence of bleached areas was normalized to that of the corresponding control (unbleached) region at each time point to correct for possible drift or photobleaching incurred during lowlight sampling. Recovery curves were fit to single-phase exponential association.
RESULTS
Binding of PA to ANTXR1-sv1 and ANTXR1-sv2. To determine if there are functional differences between ANTXR1-sv1 and ANTXR1-sv2, we made stable cell lines expressing either ANTXR1-sv1-HA or ANTXR1-sv2-HA epitope-tagged fusion proteins in receptor-negative CHO-K1 cells (CHOR1.1). The surface expression levels of the receptors were assessed by treating cells with a non-membrane-permeative biotinylation reagent, precipitating the biotinylated proteins, and then probing the precipitates for the receptors by Western blotting. Clones that expressed a high level or a low level of each variant (Fig. 1A , compare lanes 2 and 3 for high expression and lanes 4 and 5 for low expression) were selected for further analysis. To assess binding of PA to the receptor splice variants, cells were incubated with furin-resistant PA SSSR on ice for 2 h to allow binding to the receptors while preventing processing and internalization; the amount of bound PA SSSR was determined by Western blot assays. Cells that expressed ANTXR1-sv2 bound Ͼ4 times more PA than did cells that expressed similar levels of ANTXR1-sv1 ( To confirm that the interactions between PA and the ANTXR1 splice variants were dependent on divalent cations, PA binding assays were conducted using EDTA-treated cells. Cells were treated with EDTA, which caused them to detach from the well, and the suspended cells were incubated with PA SSSR in buffer containing either EDTA or MnSO 4 . Cells expressing ANTXR1-sv2-HA (Fig. 1C, lanes 9 and 15) bound more PA SSSR than did cells expressing ANTXR1-sv1-HA (Fig. 1C, lanes 6 and 12) in the presence of MnSO 4 . Neither receptor variant was able to bind PA SSSR in the presence of EDTA (Fig. 1C, lanes 5, 8, 11 , and 14), and no detectable PA SSSR bound untransfected CHOR1.1 cells (Fig. 1C, lanes 1 to 3) . Surface biotinylation assays conducted in suspension confirmed that similar levels of ANTXR1-sv1-HA and ANTXR1-sv2-HA were expressed on the surfaces of the "highexpression" cells and that similar levels were detected on the "low-expression" cells (data not shown).
There could be various reasons that a smaller amount of PA SSSR was detected on cells expressing ANTXR1-sv1-HA and a larger amount was detected on cells expressing the shorter splice variant. One possibility is that the affinity of PA for ANTXR1-sv1-HA is lower than that for ANTXR1-sv2-HA. A second possibility is that a subpopulation of ANTXR1-sv1-HA is in a high-affinity state that binds PA but that most ANTXR1-sv1-HA is in a low-affinity state that does not stably bind PA in this assay. In the latter case, the affinities measured would be similar if the high-affinity conformations of ANTXR1-sv1 and ANTXR1-sv2 were the same and if the sensitivity of the assay was too low to detect binding of PA to the low-affinity state of ANTXR1-sv1. To distinguish between these possibilities, we performed kinetic binding experiments to measure the affinity of PA for cells expressing either ANTXR1-sv1-HA or ANTXR1-sv2-HA. There was no significant difference between the equilibrium binding constants determined using the two cell lines (Table 1 ). This suggests, therefore, that less PA binds to cells expressing ANTXR1-sv1 than to those expressing ANTXR1-sv2 because a smaller fraction of the ANTXR1-sv1 receptor is in a high-affinity state.
We next sought to determine if the difference in binding of PA SSSR to ANTXR1-sv1 and to ANTXR1-sv2 resulted from a difference in their I-domain conformations. We mutated residue T118 to alanine in both splice variants so that both receptors would be in the closed (low-affinity) conformation. Stable cell lines expressing similar levels of either ANTXR1-sv1-T118A-HA or ANTXR1-sv2-T118A-HA fusion protein, as determined by surface biotinylation assays, were then compared using flow cytometry for the ability to bind Alexa fluor 488-labeled PA SSSR . This flow cytometry assay was used because its sensitivity was sufficient to detect binding of PA to the mutant receptors. As before, cells that expressed ANTXR1-sv2-HA bound more PA SSSR than did cells that expressed ANTXR1-sv1-HA (Fig. 1D, top panel) . In contrast, there was no difference in the levels of PA SSSR binding between cells that expressed ANTXR1-sv1-T118A-HA and those that expressed ANTXR1-sv2-T118A-HA (Fig. 1D, bottom panel) . Taken together, these results indicate that more PA binds to cells that express ANTXR1-sv2 than to cells that express ANTXR1-sv1 because more of the ANTXR1-sv2 receptors have open I domains.
Differential rates of cleavage of MEK1 by lethal toxin in cells expressing ANTXR1 variants. We next assessed whether the expression of different ANTXR1 splice variants would influence the rate of cleavage of an intracellular target of lethal toxin, MEK1. Since LF cleaves an amino-terminal fragment from MEK1, toxin activity was monitored as a loss of the MEK1 band in a Western blot probed with an antibody that recognizes the amino-terminal region of MEK1 (Fig. 2A) . The MEK1 signal diminished over time in toxin-treated cells expressing either ANTXR1-sv1 or ANTXR1-sv2 but not in receptor-negative CHOR1.1 cells. Approximately 50% of MEK1 was cleaved in cells expressing ANTXR1-sv2 within 15 min, and ϳ90% was cleaved by 30 min (Fig. 2B, open circles) . In comparison, MEK1 cleavage was delayed in cells expressing ANTXR1-sv1, with only ϳ25% of MEK1 cleaved at 15 min and ϳ90% cleaved at 60 min (Fig. 2B, open triangles) . These results suggest that the higher level of PA bound to cells that express ANTXR1-sv2 than to cells that express ANTXR1-sv1 leads to an increased rate of intoxication.
Actin associates with ANTXR1-sv1 but not with ANTXR1-sv2. Since ANTXR1-sv1 and ANTXR1-sv2 differ only in the sequence of their cytoplasmic domains, we reasoned that the observed difference in PA binding between the splice variants might be due to proteins that differentially interact with the cytoplasmic domains. To determine if the receptor variants interact with other proteins, we performed coimmunoprecipitation assays using human osteosarcoma cells stably transfected with either pcDNA3-ANTXR1-sv1-HA, pcDNA3-ANTXR1-sv2-HA, or pcDNA3-HA. A human cell line was used in these experiments to facilitate the identification of proteins by mass spectrometry. Anti-HA antibodies were used to immunoprecipitate the HA-tagged receptors, and coimmunoprecipitated proteins were separated by SDS-PAGE and visualized by silver staining. An ϳ45-kDa protein was immunoprecipitated from cells that expressed ANTXR1-sv1-HA but not from those that expressed ANTXR1-sv2-HA or HA (Fig.  3A) . This protein was identified as actin by mass spectrometry analysis and confirmed by Western blotting (data not shown).
Since proteins associated with the actin cytoskeleton exhibit low lateral mobility on the cell surface (23, 24, 38), we performed FRAP assays to compare the mobilities of ANTXR1-sv1 and ANTXR1-sv2. Confocal microscopy was used to follow the dynamics in real time of ANTXR1-sv1-EGFP or ANTXR1-sv2-EGFP in stably transfected CHOR1.1 cells. A region of interest at the edge of a cell was subjected to fluorescence photobleaching, and recovery of fluorescence was monitored every 10 s for 375 s by measuring the fluorescence in the region, using a low laser power. FRAP curves revealed that surface ANTXR1-sv2-EGFP receptors repopulated the photobleached region, with a recovery half-life (t 1/2 ) of ϳ7 s (Fig. 3B, left panel, blue triangles) . In contrast, only ϳ75% recovery was observed in cells expressing ANTXR1-sv1-EGFP (red squares), with a t 1/2 of ϳ17 s. Full recovery with a t 1/2 of ϳ6 s was observed for both ANTXR1-sv1-EGFP and ANTXR1-sv2-EGFP when cells were first treated with an actin-depolymerizing drug, latrunculin A (Fig. 3B, right panel) . These results are consistent with the notion that ANTXR1-sv1 is associated with the actin cytoskeleton.
To further establish that ANTXR1-sv1 binds the actin cytoskeleton, we conducted actin association assays, using CHOR1.1 cells that express either ANTXR1-sv1-HA or ANTXR1-sv2-HA. Cells were solubilized at 4°C in buffer containing 0.15% Triton X-100, and the resulting lysates were centrifuged. Proteins that associate with the insoluble actin cytoskeleton are pelleted under these conditions, while those not associated with the cytoskeleton largely remain in the supernatant. This assay revealed that the majority of ANTXR1-sv1-HA was found in the pellet fraction (Fig. 3C) , indicating that it was associated with the cytoskeleton. In contrast, ANTXR1-sv2-HA was distributed between the insoluble and soluble fractions (Fig. 3C ). As expected, treatment of cells with latrunculin A prior to Triton X-100 extraction caused most of the actin to fractionate in the supernatant (Fig. 3D) . Likewise, treatment of cells with latrunculin A shifted the majority of ANTXR1-sv1-HA into the soluble fraction (Fig. 3D) . Disruption of the actin cytoskeleton does not affect binding of PA to ANTXR1-sv1. To determine whether the difference between the amounts of PA bound to ANTXR1-sv1 and ANTXR1-sv2 could be attributed to differential association of the variants with the cytoskeleton, we performed a binding assay using cells that were treated with latrunculin A. ANTXR1-sv1-HA-and ANTXR1-sv2-HA-expressing cells were left untreated or were treated with latrunculin A prior to incubation with PA SSSR . The amount of bound PA SSSR was assessed by Western blot assays. We found that ANTXR1-sv1-HA-expressing cells bound similar amounts of PA in the presence and absence of latrunculin A (Fig. 4 , compare lane 3 with lane 4 and lane 7 with lane 8); similar results were observed with ANTXR1-sv2-HA-expressing cells (Fig. 4, lanes 5, 6, 9 , and 10), indicating that disruption of the actin cytoskeleton did not affect the amount of PA bound to either receptor variant.
A conserved region of the ANTXR1-sv1 cytoplasmic domain mediates cytoskeleton association and influences binding of PA. We next sought to determine whether distinct regions of the cytoplasmic domain were responsible for linking ANTXR1-sv1 to the cytoskeleton and for controlling the binding of PA to the extracellular I domain. We made C-terminal truncation constructs to shorten the ANTXR1-sv1 tail and transiently transfected them into CHOR1.1 cells. The majority of ANTXR1-sv1 1-420 -HA was observed in the pellet fraction, indicating an association with the cytoskeleton, whereas ANTXR1-sv1 1-410 -HA was found in the soluble fraction (Fig. 5A) . As observed previously, ANTXR1-sv2-HA (amino acids 1 to 368) was distributed between the pellet Ϫ8 M PA SSSR for 2 h at 4°C. Cells were washed with PBS and lysed, and the lysates were subjected to Western blotting with anti-PA antibody.
FIG. 5. ANTXR1-sv1 requires amino acids 1 to 420 for actin association and PA binding regulation. (A) CHOR1.1 cells transiently transfected with either wild-type ANTXR1-sv1 or ANTXR1-sv1 truncation mutants were subjected to 0.15% Triton X-100 extraction for 5 min on ice and centrifuged for 30 min at 4°C. Proteins that fractionated in the pellet (P) or supernatant (S) were subjected to Western blotting with anti-HA and anti-␤-actin antibodies. (B) CHOR1.1 cells expressing either wild-type ANTXR1-sv1 or ANTXR1-sv1 truncation mutants were treated with a non-membrane-permeative biotinylation reagent. Biotinylated proteins were precipitated with streptavidin-agarose and analyzed by Western blotting using anti-HA antibody. (C) Cells were incubated with PA SSSR for 2 h on ice. The cells were then washed with PBS and lysed, and the lysates were subjected to Western blotting with anti-PA antibody. Blots were probed for ␤-actin to ensure equal loading. Blots are representative of three independent experiments.
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and soluble fractions, while wild-type ANTXR1-sv1-HA (amino acids 1 to 564) was found predominantly in the pellet fraction. Binding assays were then conducted to localize the region of the cytoplasmic domain that causes the reduction of PA binding to ANTXR1-sv1. CHOR1.1 cells transiently expressing the wild-type and truncation constructs were subjected to surface biotinylation assays to ensure similar surface expression of each receptor (Fig. 5B) . As observed previously, cells expressing ANTXR1-sv2-HA bound more PA SSSR than did cells expressing wild-type ANTXR1-sv1-HA (Fig. 5C) . Cells expressing ANTXR1-sv1 1-410 -HA bound levels of PA SSSR similar to those in cells expressing ANTXR1-sv2-HA, while ANTXR1-sv1 1-420 -HA cells bound levels of PA SSSR similar to those in cells expressing wild-type ANTXR1-sv1-HA (Fig. 5C) . These results indicate that the regions of the cytoplasmic domain that affect PA binding and actin association overlap. Interestingly, an ϳ50-amino-acid region that is highly conserved in both ANTXR1 (amino acids 370 to 417) and ANTXR2 proteins across various species is intact in ANTXR1-sv1 but is truncated in ANTXR1-sv1 (14) .
A point mutation in ANTXR1-sv1 increases PA binding and disrupts actin association. Mutations in ANTXR2 (CMG2) are found in patients with juvenile hyaline fibromatosis (JHF) and infantile systemic hyalinosis (11, 14) . One JHF-associated mutation, Y381C, maps to the cytosolic domain of ANTXR2 within the ϳ50-amino-acid conserved region (14) . We speculated that this mutation and the analogous mutation in ANTXR1, Y383C, might impair the ability of the receptors to associate with the actin cytoskeleton. An actin association assay was performed using CHOR1.1 cells transiently transfected with ANTXR2-HA or ANTXR2-Y381C-HA. We found that ANTXR2-HA was present mostly in the insoluble pellet, while ANTXR2-Y381C-HA was found mostly in the supernatant (Fig. 6A) . Next, we transiently transfected CHOR1.1 cells with either ANTXR1-sv1-HA or ANTXR1-sv1-Y383C-HA. An actin association assay revealed that wild-type ANTXR1-sv1-HA was present mostly in the insoluble pellet fraction, whereas ANTXR1-sv1-Y383C-HA was found mostly in the soluble fraction (Fig. 6B) . Thus, the Y383C mutation decreases the association of ANTXR1-sv1 with the actin cytoskeleton.
We next performed a binding assay to assess the effect of this mutation on the interaction between ANTXR1-sv1 and PA. Wild-type ANTXR1-sv1-HA or ANTXR1-sv1-Y383C-HA was transiently transfected into CHOR1.1 cells, and the amounts of PA SSSR bound to cells were determined by a Western blot assay. Cells that expressed the Y383C mutant were able to bind more PA than were cells that expressed a similar level of wild-type ANTXR1-sv1 ( Fig. 6C and D) .
DISCUSSION
This study demonstrates functional differences between two splice variants of ANTXR1 that differ only in the sequences and lengths of their cytoplasmic domains. We have demonstrated that cells that express ANTXR1-sv1 bind less PA than do cells that express a similar level of ANTXR1-sv2 and that only ANTXR1-sv1 associates with the actin cytoskeleton. Cleavage of MEK1, a cytosolic target of lethal toxin, occurs at a higher rate in cells that express ANTXR1-sv2, presumably because a larger amount of PA binds these cells.
Structural studies have demonstrated that PA binds a conformation of the ANTXR2 I domain that is structurally most similar to the open conformation of the ␣M I domain (20, 21, 41) . The ␣M I domain can convert between open and closed conformations, modulating the affinity for ligand, but there is no structural evidence that indicates that the ANTXR1 and ANTXR2 I domains can exist in closed conformations. Indeed, an isoleucine residue which is conserved in all ␣-integrin I domains and stabilizes the closed conformation of ␣M by inserting into a hydrophobic pocket aligns with a polar residue in ANTXR1 and ANTXR2 (21) . This suggested that the closed conformation of the ANTXR1 and ANTXR2 I domains might not be stable (21) . Our work, however, provides evidence that ANTXR1 can exist in high-affinity and low-affinity conformations analogous to the states observed in integrin I domains. Although the central residues implicated in the structural conversion are conserved between the ANTXR1 and ANTXR2 I domains, it remains unknown whether the ANTXR2 I domain can exist in two affinity states. Many integrins are expressed in a default low-affinity state, but the conformation of the I domain can open in response to signals mediated through the cytoplasmic domain of the receptor, in a process referred to as inside-out signaling (27, 45) . Activation of integrin heterodimers occurs when talin binds to the cytosolic domain of the ␤ subunit. It is thought that binding of talin alters the interaction between the transmembrane domains of the ␣ and ␤ subunits and that this is how the signal is transmitted across the cell membrane to open the I domain (36, 47) . If the different affinity states of ANTXR1 also result from differences in transmembrane domain interactions, this would imply that ANTXR1 exists as heterodimers and/or homodimers. LRP6 has been reported to be a coreceptor of ANTXR1 (48) , although subsequent studies have indicated that it is not required for intoxication (40, 52) . We have shown previously that the transmembrane domain of ANTXR1 homodimerizes and that HA-and T7-tagged ANTXR1 proteins coimmunoprecipitate (13) . The involvement of transmembrane domain interactions in the activation of ANTXR1, however, remains to be established.
Activation or inactivation of integrins can occur through mutations in the cytosolic domains that affect the interaction between the ␣ and ␤ subunits or between the ␤ cytosolic domain and talin (26, 34, 35, 51) . We found that a point mutation in the cytosolic domain of ANTXR1-sv1 (Fig. 5C) or deletion of the domain (M. Y. Go, unpublished data) converted the receptor from a low-affinity state to a high-affinity state and also impaired the ability of ANTXR1-sv1 to interact with actin. Since disruption of the cytoskeleton with latrunculin A did not affect the activation state of ANTXR1-sv1, we speculate that an adaptor protein both inactivates ANTXR1-sv1 and links the receptor to the cytoskeleton. The hypothesis that a single adaptor protein (or complex) is responsible for both actin association and I domain regulation is supported by the observation that a point mutation in the cytoplasmic domain affects both activities. We did not, however, detect talin in ANTXR1-sv1 immunoprecipitates (data not shown).
We explored the cytoskeletal association of ANTXR1 by using live-cell imaging. Consistent with the coimmunoprecipitation assays, which did not show an association between ANTXR1-sv2 and actin, FRAP assays indicated that the t 1/2 values for ANTXR1-sv2 were similar in cells that had intact and disrupted cytoskeletons (t 1/2 , ϳ6 to 7 s). In contrast, ANTXR1-sv1 required a longer time than ANTXR1-sv2 to reach maximal recovery (t 1/2 , ϳ17 s), and the recovery plateaued at only ϳ75%. In cells treated with latrunculin A, ANTXR1-sv1 exhibited similar dynamics to those of ANTXR1-sv2. These results suggest that ϳ25% of ANTXR1-sv1 is immobilized by the cytoskeleton and that diffusion is limited by the cytoskeleton for most of the remaining fraction.
Although we have not directly addressed the possible influence of the cytoskeleton on toxin internalization, we note that association of the cytoskeleton with the receptor is not required for uptake because ANTXR1-sv2 can mediate intoxication (Fig. 2) . It remains to be determined whether ANTXR1-sv1 must dissociate from the cytoskeleton before internalization occurs, and if so, whether PA influences this process. There is also a possibility that cytoskeleton-associated receptors are internalized through a different pathway from that for receptors that are not associated with the cytoskeleton. Future studies are required to better understand the potential role of the cytoskeleton in toxin uptake.
ANTXR1-sv1 is upregulated in tumor-associated endothelial cells and may function in angiogenesis (10) . With potential implications for angiogenesis, a previous study demonstrated that the association of ANTXR1-sv1 with the cytoskeleton mediates cell spreading (49) . The cytoskeleton linkage is likely to be functionally important, since spreading was inhibited by pharmacological disruption of the cytoskeleton. Our results suggest, therefore, that neither ANTXR1-sv2 nor ANTXR1-sv1-Y383C mediates cell spreading effectively because of a reduced association with the cytoskeleton. It is not clear whether the ANTXR2 Y381C mutant (Y381 in ANTXR2 aligns with Y383 in ANTXR1) found in a patient with JHF would also be defective at spreading. Another JHF-associated mutation, located in the I domain of ANTXR2, decreased adhesion of fibroblasts to laminin (11) . In contrast, an infantile systemic hyalinosis-associated truncation mutant appeared to increase surface expression of ANTXR2 (25) . It is difficult to conceive how the effects of these mutations lead to the clinical manifestations of these diseases.
